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Introduction
The gaps present at the ends of aerodynamic control surfaces such as flaps and ailerons are known to be significant sources of noise and drag, [1] , [2] and researchers have long sought to build structures capable of bridging these gaps. However, success to date has been elusive as the changes in geometry required are quite significant, the aerodynamic load levels are substantial, and the deformations are fully three-dimensional, making mechanical solutions difficult. Figure 1 shows the wing of an Airbus A380 with multiple control surfaces deflected, and the significant size of the resulting gaps can be seen. The relevance of this problem is increasing as multiple segment control surfaces become more common (creating additional gaps), and as control surfaces are increasingly used not just as control effectors for occasional maneuvers but also to actively and continuously manage the lift distribution of a wing. The impact of these gaps on the drag and noise of the aircraft can be significant. In an industry that is facing increasing pressure to improve operating efficiency throughout the full range of flight conditions and to reduce noise generated, particularly on take-off and landing, a device which can help address both problems and which has potential to be retrofit into existing aircraft is particularly attractive. 
Background
Work by various industrial and academic research groups has suggested a number of different approaches to sealing these gaps. In 1984, Kunz proposed a mechanical approach with an auxiliary flap perpendicular to the main flap and connected to it with a sliding interface, as seen in Figure 2a . [4] It is not known if this device was ever built, but it would seem to require a significant amount of mechanical complexity. Later, in 1998, Diller and Miller of Northrop Grumman proposed a combined mechanical/compliant transition for the spanwise ends of rigid flaps and as a covering for the chordwise gap at the start of the flap. [5] Shown schematically in Figure 2b , their approach covered the gap between flap and wing with compliant silicone elastomer skins which were mechanically reinforced with a large number of embedded rods. These rods were intended to slide into and out of holes in the silicone rubber to allow for the change in length required of the transition, as seen in Figure 2c . The use of so many sliding interfaces passing through the elastomeric material, which would have a high coefficient of friction and which would be susceptible to wear, is problematic and the concept does not seem to have been adopted. Caton et al. of The Boeing Company patented a surprisingly similar concept in 2002, [6] which uses the same approach of reinforcing rods sliding inside of an elastomer skin as shown in Figure 2d . The primary difference between their approach and that of Diller and Miller is use of two shorter reinforcing rods instead of a single longer one. This change requires the inclusion of an additional component to cover the joint (which requires even more sliding interfaces), and the design is still likely to suffer from significant tribological issues. In 2013 a second concept from Boeing, shown in Figure 2e , was patented which creates a smooth outer transition surface by covering a series of rigid, mechanical elements in an elastomeric skin. [7] A number of rigid rib segments are mounted to spanwise rods, which slide into and out of the rigid portion of the wing to create the changing length required of the transition section. Of particular note in this design is the use of rotating tips at the trailing edge extents of each rib. This additional mechanical degree of freedom allows the angle of the trailing edge to rotate to follow the smooth shaped desired. This approach requires, however, that the skin is not attached to the rigid rib sections for a significant chordwise length, which raises concerns about out-of-plane deflection under aerodynamic loading. The rotating tips further increase the number of mechanical joints, adding weight and exacerbating concerns about maintainability.
In 2012, a group from NASA Langley research center patented a compliance based approach to flap transitions. [8] Shown in Figure 2f , this concept consisted of a wedge of elastomer bridging the spanwise gap between flap and wing and is significantly simpler than previous approaches. Various configurations were proposed, including solid elastomer, elastomer skins with hollow center, and elastomer skins over foam core.
This concept was one of several noise reduction measured tested in a recent wind tunnel campaign by NASA, [9] and was shown to reduce measured noise emissions from a deflected flap by 3 dB or more over a wide frequency range, while also improving the lift to drag ratio of the flap (by an unspecified amount). It appears however, that the device tested was a non-straining elastomeric mockup of the desired shape. This is likely due to the difficulty that was experienced with designing a working version of this transition, [10] wherein the very high strain requirements of ~500% led to unacceptably high force requirements and difficulties designing appropriate fixtures. Attempts to reduce these forces by using the hollowed out configuration led to extensive wrinkling of the transition surface.
Successful transonic wind tunnel testing of a related concept as part of the DARPA smart wing program is overviewed by Kudva.[11] This concept didn't employ transition sections per se, at least not in the passive sense being discussed here, but created a similar effect from a series of active camber morphing segments along the span which each had two actuation points. These two degrees of freedom allowed each segment to control the amount of camber and the twist angle of the trailing edge independently. As a result, the camber deflections could be smoothly built up along the span with minimized gaps in between segments. Another compliance based approach was introduced by Pankonien and Inman as a further development of a smart material based active camber concept. [12] This morphing transition concept used an elastomeric skin over 3D printed elastomer honeycomb sub-skin to bridge the gap between different active camber modules along the span of a wing. Low speed wind tunnel testing showed the basic efficacy of the approach, although performance under full-scale aerodynamic loading and energy requirements are unknown. Work by da Rocha-Schmidt and Baier investigated an alternative approach based on shear deformation of a reinforced elastomer skin. [13] The reinforcement in this case consists of a woven metal wire mesh, which is able to deform easily in shear without directly straining the wire filaments. This shear deformable skin is placed over a shear deformable cellular core to create a sandwich structure. Work on this recent concept so far has focused on finite element analysis (FEA) and coupon testing of the skin materials.
One of the more promising concepts shown to date is a morphing transition under development by FlexSys Inc., shown in Figure 2g . This concept has been designed to work in concert with a compliant active camber concept known as FlexFoil TM that has been under development for some time. [14] The transition has recently completed flight testing on a modified Gulfstream III jet aircraft, [15] but little is known about the operating principle or performance as these authors were unable to find any academic publications or even patents. What can be seen though from the picture in Figure 2g is that while the device does indeed span the gap between control surface and rigid wing, it consists of an alternating series of segments which do and don't allow trailing edge rotation, so the net effect is a number of small but discrete steps. The authors suspect that the design is made from a series of thin, spaced rib sections made with the same compliant camber morphing geometry as the control surface that are then covered in an elastomeric skin. In that case, the ribs would be fixed width, and would not rotate, such that the elastomer skin between ribs is forced to bridge the increasing large distance between rib tips, creating the shape seen in Figure 2g . This approach is likely to provide significant noise and drag reduction compared to a control surface with no transition, but perhaps less so than a truly smooth and continuous morphing transition.
(a) From Kunz [4] (b) From Diller and Miller [5] (c) From Diller and Miller [5] (d) From Caton et al. [6] (e) From Etling [7] (f) From Khorrami et al. [8] (g) From Lau [15] The solution proposed here is considered specifically for application to the Fish Bone Active Camber (FishBAC) morphing airfoil, but the basic principles can be readily adapted to other morphing camber concepts.
The FishBAC morphing airfoil concept was introduced by Woods and Friswell [16] and has shown promise as a low-drag, high lift authority control surface for application to a wide range of aerodynamic and hydrodynamic surfaces. Wind tunnel testing has shown a 20-25% increase in lift-to-drag ratio at matched lift conditions compared to plain flaps with an achievable change in lift coefficient of ΔCl > 0.7. [17] The smooth continuous change in camber achieved by the FishBAC (as seen in Figure 3 ) makes it a good candidate for pairing with an end transition device, and the resulting combined surface would have the potential to operate very efficiently.
Furthermore, the lack of any external protuberances from the FishBAC (control horns, flap tracks etc.) and the lack of sharp discontinuities in camber change should lead to a low noise solution as well. 
Design Requirements

Operating conditions
The conditions under which this control surface transition must operate are demanding aerodynamically, structurally, and environmentally. Ideally, the transition would be usable on a wide range of vehicles, so operating Mach numbers up to the transonic range may be encountered, although the placement of the transition on the relatively lightly loaded trailing edge does reduce the actual aerodynamic pressures the device must support. Furthermore, the aerodynamic loading will vary considerably, increasing significantly with larger control surface deflections. Since all of the shape change in this transition occurs through compliance, the device must undergo significant direct strain; the skin surface in particular will experience large magnitude strains in multiple directions due to chordwise bending and spanwise elongation, on the order of 10%. Creating a structure which can achieve these large strains under the large aerodynamic loadings with minimal actuation requirements and with suitable levels of fatigue life is challenging. What's more, it must work over a wide range of temperatures, on the order of -40°C to +90°C for civil applications and -55°C to +100°C for military applications while being exposed to a host of environmental factors including ultraviolet light, exposure to petroleum products and solvents, ice accumulation, and rain and sand erosion. These environmental factors can be particularly difficult for the types of elastomeric materials typically used for high strain applications. Work with elastomeric erosion barriers [18] , [19] has led to the development of high performance elastomeric materials which have been flight certified, implying that while a challenging part of the problem, there is reason to believe that material solutions can be found. Having established the demanding operating conditions these devices must operate in, we will now consider the difficulties associated with the design process.
Design Approach
The starting point for the design of a morphing transition such as this is not entirely apparent. The primary reason for having the device is aerodynamic, and so the aerodynamic shapes required to minimize the amount of drag and noise generated at the flap ends would seem to be the obvious starting point. However, it is quite difficult to know what the "best" possible shape is for such a device, particularly at the early stages in the development of a new concept. It is expected that the "optimal" shape for any given application would be sensitive to the particulars of the wing it was being installed on and the operating conditions under which it would be used, with Mach number and Reynolds number being two particularly important parameters that would be expected to impact the fluid flow over and around the device. Given the highly three-dimensional nature of the structure and the expected flow around it, and the importance of viscosity effects and flow separation at the trailing edge of the wing, a full understanding of the flow fields around the transition would require a considerable amount of high-fidelity computational fluid dynamics (CFD) analysis. To then optimize the shape using these tools to analyse a large number of potential geometries under a number of different operating conditions is clearly a significant endeavour. What's more, a reasonable amount of wind tunnel validation of the CFD would be required to establish the validity of the methods, further growing the scope of the problem.
In fact, the high-fidelity optimized shape approach mentioned above, as significant of an effort as it would be, would ultimately not be particularly useful for the case of this device as the compliant nature of the solution proposed implies that the shapes under loading are not the same as the unloaded geometries, and therefore any CFD results which use prescribed, "rigid" shapes would likely deviate significantly from what would exist in flight. Instead, a coupled fluid-structure interaction analysis is needed that can consider the interplay between the compliant structure and the flow field to find stable converged solutions. This of course requires a detailed understanding of the structure and its stiffness properties, which at the start of the design process simply does not exist.
This fundamental design problem exists with all morphing aircraft structures, and indeed increasingly it exists with conventional aerospace structures as well as designers are getting ever more comfortable with larger elastic deflections in wing structures, for example. However, we wish to avoid the full depth of this problem initially to allow us to make some meaningful progress quickly with the new structural architecture proposed.
For the sake of this initial development work we will therefore assume some general requirements for the types of shapes obtainable by the structure, and we will design the concept such that there is sufficient control over the design parameters to allow for a number of different desired shapes to be created. If these initial efforts prove successful, there will then be significantly more information on the behavior of the structure available for future fluid-structure interaction analysis.
Nominal Deformed Shapes
With this in mind, we will establish for our purposes here the very simple aerodynamic design guideline that the deformed shape should be smooth and continuous with no discrete changes in shape. This will minimize discontinuities in the surface which would likely create undesirable aerodynamic flow phenomena such as boundary layer tripping, vortex shedding, interference drag, etc. Furthermore, the two fixed sides of the transition, namely the spanwise edge which attaches to the trailing edge of the wing and the chordwise edge which attaches to the rigid portion of the wing trailing edge should have surfaces which remain tangent to the neighboring wing components across the entire deflection range. The same is true for the moving edge of the transition which attaches to the control surface. Enforcing tangency at all attached edges of the transition will ensure that the resulting combined wing surface is also smooth and continuous.
To further simplify the definition of the desired shape for this initial study, we can focus on the profile of the trailing edge of the morphing transition, with the underlying assumption that if the trailing edge is smooth then the continuous compliance of the rest of the structure will help ensure smoothness elsewhere. We will consider the two-dimensional projection of the trailing edge onto a plane aligned with the spanwise and thickness-wise directions, ignoring for the time being the small amount of motion of the trailing edge in the chord direction and considering just its vertical (thickness-wise) displacement. There are a number of shape functions which could be used to describe the desired deflection of the trailing edge along the span of the device, but one particularly simple and useful one is the cosine function:
where w is the vertical (thickness direction) displacement of the trailing edge, y is the spanwise distance along the transition, h is the half-amplitude of the control surface deflection, and l is the spanwise length of the morphing portion of the transition. important for applications such as ailerons where both positive and negative deflections are required. We will consider these desired shapes further and their impact on the structural design in more detail below, but first we will used these nominal deflected shapes in some initial computational fluid dynamics analysis to establish the potential for drag reduction through use of the morphing transition. A FishBAC morphing control surface is installed in the center of the wing span, with a chordwise length of 25% chord. Due to the spanwise symmetry of the chosen geometry, a half model was studied with a plane of symmetry established in the center of the control surface. The wing shapes analyzed can be seen in Figure 5 .
For the no transition models (e.g. Figure 5a ), the control surface has a span wise length of 2.5 m and the fixed, non-morphing portion of the wing also has a length of 2. Initial insight into the need for a transition can be seen in Figure 5a , where streamlines in the CFD results for the wing without transition show a strong vortex formed at the junction between control surface and rigid wing. While rotation of the streamlines is not completely eliminated with the transition, it can be seen in Figure   5b that the downstream rollup of the vortex is no longer present. This reduction in vorticity formation is reflected in the aerodynamic performance of the particular geometries shown in Figure 5 (FishBAC deflection = 15% of chord). The lift and drag coefficients (CL and CD) for these cases are tabulated in Table 1 along with the resulting lift-to-drag ratios. Note that the transition both increases lift and decreases drag, leading to an over 7% increase in net lift-to-drag ratio. For the case of no FishBAC deflection there was no difference in performance with the transition (as the wing is essentially a rigid rectangular wing in that case), and as expected the benefits of the transition increase as the FishBAC deflection, and therefore the end gap size, increases. As this analysis used rigid, prescribed geometries which did not include the effects of compliance, the results shown are not able to provide a full understanding of this highly coupled aero-elastic problem, but as an initial simplified analysis they do help motivate this research by showing the large levels of vorticity generated by the end gap and by providing an indication of the aerodynamic performance improvements possible with sealing it. With these benefits in mind, the novel transition concept proposed here will be introduced.
Proposed Solution
To address the demanding design requirements of control surface end transitions, a novel structural architecture is proposed here. This Morphing, Elastically LofteD (MELD) transition combines material and geometric compliance with bend-twist coupling to create a structure capable of large three-dimensional deformations that automatically creates the desired combination of bending and twisting along the span needed to create a smooth and continuous aerodynamic surface. [22] The resulting structure is therefore elastically lofted between the control surface and rigid wing structure in a continuous, passive manner, melding the two structures together. The MELD transition, which is shown schematically Figure 6 , is based around a series of bend-twist coupled ribs which are stacked along the span of the module and which are held together by a frame which mounts to the trailing edge of the rigid portion of the wing. The amount of bend-twist coupling in each of the ribs is carefully tailored to achieve the desired distribution of trailing edge angle along the span. At the spanwise extents of the transition there are separate end ribs which are designed to be easily attached to the existing wing structure. One of these ends is rigid, and the other has the camber morphing geometry of the FishBAC (or similar) active camber control surface to which it attaches. The bend-twist coupled ribs, mounting frame, and end ribs are all covered with an elastomeric skin made of silicone or polyurethane rubber sheets, which may or may not be reinforced selectively with fiber, and which are bonded to the upper and lower surfaces. Taken together, these components create a MELD module that can be installed and removed relatively easily into a wing structure, has no mechanical moving parts, and which requires no dedicated actuation; as it is passively driven by the control surface. These features are intended to simplify integration of the transition into new wing designs, and to open up the possibility of retrofitting it into existing designs alongside a retrofit of the FishBAC camber morphing airfoil, which can also be designed as an independent module for ease of integration.
Figure 6. MELD transition concept
Geometric Bend-twist Coupling with Skewed Corrugations
The bend-twist coupled ribs are the key enabling technology for this transition, so their design and operating principle will be discussed in detail here. Driven by the need for high levels of coupling between elastic bending and twisting, the rib sections in this concept use what is believed to be a novel compliant morphing approach that links the two deformations using skewed corrugations. Corrugations are well known in morphing structures and have been proposed in a variety of configurations, albeit most often as an anisotropic extensible skin surface. [23] Corrugated structures have highly direction dependent stiffness, with the direction perpendicular to the corrugations being significantly stiffer in extension and in bending then the direction along the corrugations. Due to their highly anisotropic nature, corrugations are an effective way to create a compliant structure which deforms primarily in one direction. The corrugations in essence act like a series of compliant hinges, allowing for bending deformations to be built up as a series of small deformations in these hinges, which is realized physically as thin plate bending of the segments of the corrugation.
Corrugated members can form the basis of camber morphing ribs, as the corrugated geometry allows for chordwise bending while retaining stiffness in the other loading directions. Figure 7 shows an airfoil trailing edge rib structure built around a corrugated spine.
Figure 7. Bend-twist coupled rib with skewed corrugations
If the direction of the corrugation is aligned with the length axis of a rib structure, then the bending of the corrugation will lead to pure bending of the rib, with no induced rotation. If, however, the corrugation is placed at an angle α which is skewed to the long axis of the rib, as in Figure 8 , then the bending of the corrugation members will induce twisting in the rib. This is a geometrically induced coupling which unlike other bend-twist coupling concepts does not require asymmetric or unbalanced composite layups or material anisotropy to work. [24] , [25] , [26] Composites are indeed preferred materials for the MELD transition as they can provide excellent stiffness and strength properties with low mass, but the concept is not predicated on their use. In addition to allowing for a greater range of materials to be used, the skewed corrugations are also capable of realizing particularly high levels of bend-twist coupling. This is demonstrated in Figure 9 with the finite element analysis results of a skewed corrugation rib under tip load. In this study the mounting base is fixed while the rest of the structure is free to deform under the applied vertical tip load P. The deformed shape shown in Figure 9 is shown at a scale of unity, and the large tip rotation which the tip load induces in clearly visible and is the direct result of the use of skewed corrugations. Having introduced the manner in which bend-twist coupling is created in the MELD transition, we will now consider the required distribution of coupling along the span of the transition. 
Bend-Twist Coupling Requirements to Achieve Nominal Shapes
One of the core features of the MELD concept is the ability of the ribs to match both the desired displacement and local surface angle over a range of control surface deflections. The local trailing edge tip angle θ that must be achieved at each point along the span can be found by differentiating the desired deflection:
For the example trailing edge shapes shown in Figure 4 , the corresponding trailing edge angles are shown in Figure 10 . We can now define a geometric bend-twist coupling parameter, β, which determines the ratio of rotation to deflection that the tip of each rib must achieve:
The tip angle and deflection are both normalized using the length of the compliant portion of the rib ct, which is shown in Figure 8 , to make β a more generally comparable term that is less beholden to the specifics of the transition geometry. The tip deflection is normalized by ct to the third power to reflect the distribution of deflection expected under a tip load according to linear elastic beam bending theory (for constant flexural rigidity) and the tip rotation angle is similarly normalized linearly by ct in line with linear elastic torsional beam theory. [27] For the example trailing edge shape given in Equation 1, we can evaluate Equation 3 to give the required distribution of bend-twist coupling for the desired shape:
which is plotted in Figure 11 . It is interesting to note that the half amplitude, h drops out of the equation, such that the distribution of coupling required is independent of both sign and amplitude of the desired deflection.
This is ideal of course as the control surface to which the MELD transition is attached would be expected to work over a range of upwards and downwards deflections and the value of β of a given rib is an intrinsic geometric property that cannot be changed once manufactured. Note also that the cotangent function approaches infinity at y = 0, so the vertical axis of Figure 11 has been truncated to the show the primary region of interest. Figure 11 . Distribution of bend-twist parameter required to obtain the desired trailing edge shapes -all lines are coincident
The relationship between the values of corrugation skew angle and bend-twist parameter for a given rib is governed by the manner in which the skewed corrugations induce coupling, which in turn is dependent on the detailed geometry and material properties of that rib. For this initial study, a series of ribs with varying skew angle (but equivalent geometry otherwise) were studied using the SolidWorks Simulation finite element analysis program to determine the impact that skew angle α had on the resulting bend-twist parameter β for that specific rib geometry. Both the tip deformation and rotation angle varied linearly with applied load for a wide range of loads, such that a single value of β could be ascribed for a given rib over the full range of deflections of interest for this study. The details of the rib geometry used for the initial demonstrator are discussed in the Concept
Demonstrator section. The results of this FEA study are shown in Figure 12 . It was found that a simple empirically fit tangent function:
captured the relationship between β and α quite well when A = 0.28, which is plotted along with the FEA data in Figure 12 . Note that while α is plotted in degrees, Equation 5 is evaluated in radians. we can solve for the distribution of skew angle along the span required to achieve the distribution of bend-twist coupling shown in Figure 11 . While the required bend-twist coupling value approaches infinity as y approaches 0, the corresponding values of skew angle approach a finite value of α = 90°, as can be seen in Figure 13 . This is due to the tangent function approaching infinity at 90°.
However, it is not feasible to make skewed corrugated ribs with angles that high, as the chordwise length required for even a single segment of corrugation at values of α approaching 90° quickly exceeds the space available. Design work and 3D printing of specimens has shown a maximum practically achievable skew angle of roughly α = 75° for the ribs used here. This restraint is reflected in Figure 13 by the dashed line. The saturation of the skew angle implies that the initial portion of the transition (on the end closest to the rigid portion of the wing) would not have quite as much coupling as desired. However, while the desired coupling is high, the actual deformations and rotations required are quite low, implying that any errors in shape would be small relative to the overall size of the device. The impact of the skew angle saturation is further mitigated by the compliant connections which exist between the ribs which help smooth the shape, as discussed in the next section. 
Connections between Rib Members
While the skew corrugated rib members are designed to automatically obtain the desired twist angle when bent, they still require a means of applying the required bending forces. This is accomplished in two ways in the present concept; through the skin and through supplementary corrugated strips. The elastomeric skin which covers the upper and lower surfaces of the MELD transition acts as a compliant connection between adjacent rib members. As it is bonded to both the fixed and moving ends of the control surface, when the control surface is deflected the skin will be directly stretched. Since the skin is also bonded to the ribs, it will to a certain extent bend the ribs along with it, and has some ability to apply force to the ribs. However, in cases where the skin is able to be designed to be quite soft (for lower dynamic pressures for example) or where the ribs are required to be particularly stiff, it is likely that the skin alone will not be able to ensure that sufficient force is applied to the ribs to create the required distribution of bending, leading to discontinuities in the deformed shape. To address this, the MELD concept includes thin spanwise corrugated strips that connect the ribs to the rigid and flexible ends of the transition. The number and location of these connection members is an open design variable which is expected to change for different operating conditions and geometries. For this work a single corrugated strip is included near the trailing edge, as visible in Figure 6 . The geometry and orientation of this component allows it to stretch, bend and rotate as required to undergo the deformation required at the trailing edge while allowing for the transfer of force between rib members. A wide range of stiffness properties and actuation energy requirements are achievable through varying the geometry, material properties, number, and chordwise location of the corrugated rib connection members, allowing the MELD transition to be adapted to a wide range of applications and operating conditions.
Concept Demonstrator
To show the structural viability of the MELD transition concept, an initial prototype demonstrator has been designed and built. This demonstrator, the design model of which is shown in Figure 6 , was sized for use with a This model took advantage of additive manufacturing technology to simplify fabrication of the components, as the combination of skewed corrugations and airfoil profile shaped projections makes for an admittedly complex geometry which would be challenging to make using traditional metal or composite manufacturing methods. While the entire model could have been printed as a single monolithic part, as a means of risk reduction and to allow some ability to replace and change components, the ribs and support pieces were all printed individually. An HP DesignJet 3D Fused Deposition Modeling (FDM) printer was used to print the components in ABS plastic.
The silicone skin consists of two separate 1.5 mm thick silicone sheets pre-tensioned and bonded to the structure. Pre-tensioning increases out-of-plane bending stiffness of the skin allowing it to better resist aerodynamic loading, and eliminates buckling of the skin surface in areas which undergo compressive strains upon deformation. This approach is adopted directly from previous analytical and experimental work on the FishBAC, which has shown it to be an effective means of reducing undesired deformations in the compliant skin.
The assembled demonstrator is shown in Figure 14 cantilevered from its mounting frame. This MELD transition behaves as desired, exhibiting smooth and continuous surface shapes when deformed. The importance of the bend-twist coupling to the operation of the device can be seen by the behavior of the portion of the device over which it does not exist. As mentioned above, due to the thinness of the trailing edge, the skewed corrugations stop roughly 60 mm from the trailing edge. The lack of bending compliance and bendtwist coupling in this region leads to the formation of small stepped discontinuities, as can be faintly seen in Figure 14 at the very end of the trailing edge. This effect is small though and can likely be addressed in future designs with geometry changes and/or an additional rib connection member closer to the trailing edge. The lack of any such stepped shape over the rest of the MELD transition demonstrator as it elastically lofts between a prescribed 60 mm tip deflection at the morphing end and no deflection at the fixed end proves the efficacy of the compliant, bend-twist coupled design architecture. Although not shown in the figure, this demonstrator is fully capable of bidirectional deflections as desired.
(a) (b) Figure 14 . MELD transition demonstrator as built: a) at rest and b) deforming due to tip load applied to camber morphing end While the ability of the demonstrator to achieve the desired smoothness in its deformed shape is encouraging, there is clearly more work required to establish the viability of the MELD transition concept. To this end, structural characterization of the demonstrator is ongoing in parallel to finite element analysis of the entire structure. From there, high fidelity modeling of the aerodynamic performance will need to be validated against wind tunnel data, and this coupled fluid-structure interaction problem will need to be solved in a manner which allows for optimization of the design of the MELD transition both aerodynamically and structurally.
Conclusions
In conclusion, this work has introduced a new morphing structure designed to seal the large gaps created at the end of a morphing camber control surface when it is used. These spanwise end gaps are a significant source of drag and noise in current aircraft, and there has been a lot of interest both historically and recently in the design of structures capable of sealing them. Here, a Morphing Elastically LofteD (MELD) transition was proposed which combines material and geometric compliance with bend-twist coupling to create a unique structural architecture capable of deforming in a smooth and continuous manner to connect the moving end of an active camber morphing control surface to the fixed wing structure around it. The inclusion of bend-twist coupling allows the structure to automatically deform in a manner which allows for both the desired local surface displacements and angles to be achieved. Existing work in this area was first introduced, followed by an overview of the design requirements for end transitions. The difficulty of analyzing these structures, particularly for initial design work, due to the strong coupling between aerodynamics and structural deflections and the highly three dimensional nature of the problem was highlighted. This led to the establishment of a nominal target shape as a starting point, which was shown to provide improved aerodynamic performance in an initial CFD study. The operating principles of the proposed MELD transition were then introduced, with particular attention paid to the design of the skewed corrugation features used in the rib sections as a geometric means of creating the desired bend-twist coupling. The distributions of trailing edge angle and bend-twist coupling required to achieve the target shape were then derived, and a finite element analysis study provided the relationship between corrugation skew angle and bend-twist coupling parameter for the proposed geometry, thereby allowing for the distribution of corrugation skew angle along the span to be determined. An initial technology demonstrator was built with this calculated geometry, and was shown to deform in the desired manner, creating a smooth, elastically lofted shape with minimal surface discontinuities. The basic operating principle of the MELD concept has therefore been demonstrated and the usefulness of the bend-twist coupling shown, although much work remains to be done to develop appropriate analysis tools and to show the efficacy of the concept in realistic operating environments.
